Objectives To determine (1) whether higher maternal body mass index (BMI) and Cesarean (C) Section mode of delivery are associated with neonatal hypoglycemia (NH) and (2) whether timing of NH onset differs by risk factors. Study Design Retrospective cohort study (n = 4602) to determine the odds of NH, NH requiring IV dextrose and timing of NH onset among infants with established and plausible (BMI and C-section) risk factors. Result Infants born to class III obese mothers had higher odds of NH (OR 1.3, 95% CI 1.0-1.8) and of requiring IV dextrose (OR 2.2, 95% CI 1.2-3.9). Infants born via C-section had higher odds of requiring IV dextrose (OR 1.4, 95% CI 1.1-1.9). Infants who were delivered to high BMI mothers and by C-section developed NH earlier than the reference group. Conclusion Determining the predictors and timing of NH onset may help develop tailored evaluation and management strategies for at-risk neonates.
Introduction
Neonatal hypoglycemia (NH) is estimated to affect 10-15% of newborns and is associated with neurodevelopmental sequelae [1] . NH is easily treatable but identifying prenatal risk factors for NH is critical to ensuring appropriate screening and timely treatment. There is a normal physiologic transition of glycemic control that occurs in the hours following birth, when maternal glucose supply is eliminated. Maternal and infant factors can perturb this transition, causing lower than typical neonatal glucose concentrations. Established risk factors for NH include maternal factors such as gestational diabetes and maternal use of beta blockers and beta agonists (terbutaline). Other established risk factors for NH are infants who are small-or large-for gestational age (SGA or LGA), preterm or postdates infants, infants with a history of perinatal stress (pre/ eclampsia, birth asphyxia, meconium aspiration syndrome, hypothermia), infants with a midline syndrome and a family history of hypoglycemia [2] . Infants who fall into these categories should receive blood glucose screening in the first 24 h of life and are treated with dextrose and feeding if these values are lower than the expected norm for their age.
There has been a rapid upward trend in maternal prepregnancy body mass index (BMI) in the past 20 years. Currently, one of every three mothers enter pregnancy obese. National guidelines do not include maternal obesity as an independent risk factor for NH, although there is biologic plausibility and early evidence to suggest that maternal obesity may result in subclinical insulin resistance and predispose the infant to NH. Two cohort studies have reported that maternal obesity is an independent risk factor for NH, after controlling for maternal comorbidities [3, 4] . Another emerging risk factor is Cesarean section (c-section) delivery, which occurs in nearly 31.9% of all births in the United States [5] . Infants born by c-section may have less time for hormonal transitions to occur than infants who are delivered after labor. In addition, postnatal measures to prevent NH such as skin-to-skin and early feeding post birth are challenging to initiate in the operating room setting. Lastly, lactogenesis can be delayed after c-section, potentially delaying provision of milk [6] . However, there is minimal available data examining the association between c-section delivery and risk of NH.
Understanding the timing of onset and duration of NH is also critical to devise informed practice guidelines. Data on the optimal timing for glucose screening initiation is limited. Screening guidelines could be improved with data to inform when to initiate glucose measurement and how long to continue to screen, based on which prenatal risk factor is present. Currently, per the American Academy of Pediatrics (AAP) guidelines, SGA and preterm infants are screened for a longer period of time compared to LGA infants and infants of diabetic mothers (IDM) [7] . For all at-risk infants, NH screening is initiated 30 min after the first feed, which should ideally take place within one hour of birth. However, data regarding timing of onset NH by risk factor is sparse.
Using a large sample of at-risk infants born at a single, academic, high-volume birth hospital in the United States, the objectives of this study were two-fold: (1) to determine whether maternal obesity and c-section are independent risk factors for NH and for NH requiring IV dextrose treatment, and (2) to assess the relationship between risk factors for NH and timing of NH onset.
Methods

Subjects
This was a retrospective study of asymptomatic infants who were screened for NH within the first 48 h of life per institutional NH screening protocol from January 2016 to March 2018 at Brigham and Women's Hospital in Boston, MA. Using a data extract report from the electronic health record (EHR), we first identified all infants born during this period who had a blood glucose measurement within 48 h of birth. This included infants who did and did not develop NH. Timing of all variables were provided by a date and time stamp in this data extract report. Infants were excluded from this analysis if they were <35 weeks gestation at birth, a multiple gestation, received IV dextrose for non-NH related conditions, or developed NH after 48 h of life. This project was undertaken as a quality improvement initiative at Brigham and Women's Hospital and per institutional policy, was not formally supervised by the Institutional Review Board.
Summary of clinical NH screening guideline
At our institution, infants are screened for NH if they have one of the following established risk factors: infants of diabetic mothers (IDM), SGA or LGA infants, maternal beta blocker or terbutaline administration, preterm or post-term infants, infants with perinatal stress (Apgar score <7 at 5 min of life, respiratory distress > 1 h, family history of hypoglycemia or a midline syndrome). If one or more of the screening criteria are met, bedside nurses feed the infant and measure a point-of-care blood glucose within the first hour of life. The goal blood glucose for infants < 48 h old is ≥ 45 mg/dL. Infants are provided dextrose gel up to three times and then intravenous (IV) dextrose if their blood sugar concentrations remain below the treatment threshold.
Statistical analysis
NH demographics
Maternal and infant demographic and clinical characteristics were summarized overall and by NH status using descriptive statistics that included means and standard deviations for continuous variables, and number and percentages for categorical variables. Differences among these variables by NH status, as well as by NH with IV dextrose status, were assessed using nonparametric Mann Whitney U, given the non-normality of the data, or χ 2 test for continuous and categorical variables, respectively.
Risk factors for NH outcomes
The association between NH outcomes (NH and NH with IV dextrose treatment) and both already-established and plausible risk factors for NH was examined using multiple logistic regression. The already established risk factors were [1] gestational age (preterm <37 weeks, term 37-41 weeks (reference), postdates > 41weeks); [2] Infant of a diabetic mother (IDM) vs. no gestational diabetes (reference) [3] preeclampsia, as a surrogate for beta blocker exposure (data on maternal medications were not available through our data extract report) vs. no preeclampsia (reference); and [4] size for gestational age -SGA ( < 10th percentile), AGA (10th-90th percentile, reference) and, LGA ( >90th percentile) -derived using Fenton growth reference curves. Plausible risk factors for NH were [1] vaginal delivery (reference). The multiple logistic regression models included all risk factors as categorical variables to provide the odds of NH outcomes for each risk factor (compared to its reference group), adjusted for the other NH risk factors. The analytic sample for this analysis included all infants in the total sample, n = 4602; those infants having 1 ≤ NH risk factor (established or plausible) along with infants having none of the maternal risk factors listed but screened for NH given their having non-maternal risk factors for NH, including perinatal and respiratory stress, based on Pediatric Endocrine Society recommendations [2] .
Association between risk factors for NH and NH onset: Time to event analysis
We utilized the Kaplan-Meier survival function estimator to determine the time in minutes since birth when infants developed NH for each risk factor. The event of interest was determined as the minutes of life since birth when the first dextrose gel was administered (i.e. time of first hypoglycemic episode). The Breslow test was used to determine whether the survival distribution curves differed. We further explored whether median (in minutes) timing of onset of NH differed by risk factor. For survival analyses, the analytic sample was based on those infants who received gel 1708 (37.1%).
Established risk factors For this analysis, we only included participants among those who received gel with one or zero of the established risk factors for NH; subjects with more than one risk factor were excluded. The reference, or "none" group for this analysis consisted of infants who had glucose screens for reasons other than presence of any of the aforementioned risk factors (see Risk factors for NH outcome). We used the Kruskal Wallis test, given nonnormality of data, followed by post-hoc pairwise comparison with Bonferroni correction to determine whether time to first dextrose gel differed by risk factor.
Plausible risk factors These analyses were based on infants who received gel with one or more risk factors, since infants were not screened solely based on the plausible risk factors of interest (maternal BMI and mode of delivery). To determine whether maternal BMI and mode of delivery affected time to NH, we used Mann Whitney U test for comparison by maternal BMI (<30 (ref) vs ≥30 kg/m 2 ) and by mode of delivery (vaginal (ref) vs. c-section). Given the higher risk of c-section among obese women [3] , as an exploratory analysis, we further assessed the modification by maternal BMI on the relationship between mode of delivery and NH onset by evaluating the survival functions of four groups: [1] vaginal delivery and BMI < 30 (reference) [2] , vaginal delivery and BMI ≥ 30 [3] , cesarean delivery and BMI < 30 [4] , cesarean delivery and BMI ≥ 30. For this analysis, we defined BMI < 30 kg/m 2 and vaginal delivery as the reference group because this group was considered the least at risk for NH. We also used the Kruskal Wallis test, given non-normality of data, followed by post-hoc pairwise comparison with Bonferroni correction to determine whether time to first dextrose gel differed by delivery method and BMI group.
We conducted all analyses with SPSS Statistical Software version 24. Statistical significance was designated to be p < 0.05.
Results
Participant characteristics
Out of the 4602 infants who were screened for NH, 40.1% (n = 1846) experienced NH and 4.9% (n = 227) received IV dextrose to treat NH. In univariate analyses, infants who were preterm, SGA, LGA, born via C-section, whose mothers had a BMI ≥ 30 kg/m 2 were more likely to develop NH and require IV dextrose for NH treatment (p < 0.005). Infants whose mothers had gestational diabetes (GDM) were more likely to develop NH only, and those with preeclampsia were more likely to require IV dextrose only (Table 1, p < 0.005).
Risk factors for a hypoglycemic event
In the adjusted model, IDM, preterm, SGA, and LGA infants had higher odds than the respective reference groups of developing NH (Table 2 ). In addition to these established risk factors, infants born to mothers with Class III obesity (BMI ≥ 40 kg/m 2 ) also had higher odds of developing NH than infants born to normal BMI mothers (18.5 ≤ BMI < 25 kg/m 2 ), after adjustment for other risk factors (Table 2) .
Risk factors for IV dextrose for NH treatment
In the adjusted model, infants had higher odds of requiring IV dextrose to treat NH if they were born preterm, SGA, or
LGA compared to the respective reference groups (Table 2) . Infants also had higher odds of requiring IV dextrose to treat NH if they were born to mothers with Class III obesity (BMI ≥ 40 kg/m 2 ) compared to infants born to normal BMI mothers (18.5 ≤ BMI < 25 kg/m 2 ) or if they were born via Csection compared to those born vaginally (Table 2) .
Time to event analysis
Established risk factors
We first examined if established risk factors differentially influenced the timing of NH onset. Timing of NH onset was not equal among the risk factor groups in this analysis (Breslow p < 0.001) (Fig. 1a) . Infants who were born to mothers with GDM, preterm or LGA developed NH sooner (median onset between one and two hours of life; Table 3 ) than the reference group (no established risk factors, or "none", p < 0.001). Infants who were SGA, postdates or born to mothers with preeclampsia did not have a significant difference in the timing of NH onset compared to the reference group and developed NH later, with median onset after two hours of life (Table 3) .
Plausible risk factors
Infants at-risk for NH delivered via C-section (Fig. 1b) had earlier onset of NH compared to those delivered via vaginal delivery (p < 0.001; Table 3 ). Similarly, infants at-risk for NH born to mothers with a BMI ≥ 30 kg/m 2 ( Fig. 1c) had earlier onset of NH than those born to mothers with BMI < 30 kg/m 2 (p = 0.013; Table 3 ). Both plausible risk factors were associated with development of NH, with median onset 90 min earlier than their reference groups (i.e., normal BMI and vaginal delivery, respectively) ( Table 3) . When further stratified by both mode of delivery and * indicates characteristics that differed in infants who received IV dextrose for NH treatment maternal BMI, compared to infants born vaginally to mothers with a BMI < 30 kg/m 2 , infants born via c-section to mothers with a BMI ≥ 30 kg/m 2 had the earliest onset of NH followed by infants born via c-section to mothers with BMI < 30 kg/m 2 ( Table 3) . Infants born via vaginal delivery to a mother with a BMI ≥ 30 kg/m 2 and infants born via vaginal delivery to mothers with BMI < 30 kg/m 2 (Breslow p < 0.001 Fig. 1d ) followed these first two groups. Infants delivered via c-section to a mother with a BMI ≥ 30 kg/m 2 developed NH at a median onset of 105.5 min of life, compared to 225 min for an infant born via vaginal delivery to a mother with a BMI < 30 kg/m 2 (p < 0.001; Table 3 ).
Characteristics for the reference group can be found in Supplemental Table 1 .
Discussion
In our population, we found that in addition to established risk factors, high maternal BMI and c-section delivery were associated with higher odds of developing NH and requiring IV dextrose for the treatment of NH compared with infants of mom with normal BMI and delivered vaginally, respectively. Infants at risk for NH born to mothers with high BMI and/or via c-section delivery were also more likely to develop NH earlier compared to infants of mothers with normal BMI and delivered vaginally, respectively.
We report that high maternal BMI is a risk factor for NH, after adjustment for other comorbid risk factors often associated with maternal BMI. Other studies have had similar findings. In 2016, Suk et al reported in a retrospective cohort study of 1736 infants that infants of mothers with high BMI were more likely to be admitted to the NICU for NH, independent of maternal diabetes diagnosis [4] . Similarly, Neumann et al. conducted a retrospective cohort study of 11,939 mother-infant dyads between 2001 and 2011 and reported that maternal obesity was a risk factor for NH (OR 1.8, 95% CI 1.0, 3.0) [3] . This population had a much lower prevalence of obesity (~10%) than the general U.S. population and thus, authors were not able to examine maternal obesity sub-classes. These studies did not adjust for infant characteristics such as gestational age and fetal growth status, which are known to be associated with BMI and NH risk. Furthermore, neither study examined the interaction of maternal BMI with mode of delivery. Given that high BMI women are more likely to deliver by C-section, an understanding of both factors allows for a more complete understanding of NH risk.
Obesity before and during pregnancy is characterized by insulin resistance, inflammation and dyslipidemia [8] . Insulin sensitivity decreases over the course of a healthy pregnancy. Overweight and obese women have decreased insulin sensitivity as compared with lean or average weight women throughout pregnancy, but particularly in the third trimester [8] . Obese women are 2.6 times more likely to be diagnosed with GDM than lean women, but the vast majority (up to 95%) of obese women do not meet the clinical threshold for diagnosis of GDM during pregnancy [9, 10] . Inflammation and dyslipidemia are also associated with the longitudinal changes in insulin sensitivity in pregnant women and have been shown to cumulatively contribute to adverse fetal outcomes, such as macrosomia [11] [12] [13] [14] . Current screening criteria during pregnancy only include one component of metabolic dysregulation, namely overt glucose intolerance. There is biologic plausibility that sub-clinical metabolic dysregulation in pregnant women with high BMI may be on the causative pathway of NH.
Evidence linking C-section delivery to NH is sparse. There are no published studies that we could find that address the risk of NH by mode of delivery. However, there is reason to suspect that infants delivered via C-section are at increased risk for NH. Potential mechanisms that might mediate this association include delayed lactogenesis, delayed skin-to-skin and impaired thermoregulation Delivery Method, Csection (vaginal as ref)
Estimates are based on multiple logistic regression models for NH and NH requiring IV dextrose. Models include all maternal risk factors identified from univariate analysis as significant risk factors for infant hypoglycemia and/or IV dextrose administration * Due to missing data for 536 infants, the total analytic sample for this analysis is 4066 [6, 15, 16] . These results lay the groundwork for future studies to better understand the factors that link C-section delivery to NH and more importantly, studies that will test interventions aimed at preventing NH following c-section delivery. In short, these results could also inform future practice during the immediate post-delivery care of infants delivered via C-section. The timing of onset of NH differed based on risk category. IDM and LGA infants, whose NH physiology is characterized by hyperinsulinemia paired with truncated supply of maternal glucose at birth, seemed to develop NH earlier [2, 7, 17] . SGA infants and infants exposed to beta blockers (i.e. maternal pre-eclampsia) developed NH later. They are at risk for NH due to low glycogen stores or inability to mobilize these stores, respectively [2, 17, 18] . The underlying physiology of NH may contribute to the timing of onset yet, there is no published information that describes the difference in NH onset based on risk factor. This data can help provide individualized screening and feeding practice recommendations for infants based on risk factor and should be considered in the development of screening and treatment guidelines. Our study had several strengths. Given the prevalence of high maternal BMI and C-sections in our population, we were able to stratify by maternal BMI class and examine the intersection of maternal BMI and mode of delivery. We had detailed information on treatment timing and maternal and infant characteristics. We were limited by the measure of maternal BMI at delivery and the lack of detailed early pregnancy information. Thus, we were not able to examine weight gain during pregnancy as a covariate in this analysis. We also did not have information on maternal beta blocker usage and utilized maternal preeclampsia as a surrogate for this. Given that this analysis was conducted within a quality improvement project, we screened infants based on the established risk factors, i.e., we were not able to examine the role of the plausible risk factors alone in the absence of the established risk factors. However, we conducted thorough statistical adjustment to account for confounding, although there is always the possibility to residual confounding. Future studies should prospectively enroll participants to understand the independent role of the plausible risk factors (maternal BMI and C-section delivery) on odds of NH.
Here we report that both high maternal BMI and delivery by C-section are associated with higher odds of developing NH than lower BMI and vaginal delivery. This lays the groundwork for future investigation of these potential risk factors, which affect over one-third of US infants. In addition, we describe that the timing of NH onset differs by risk factor, which may be useful for clinical guideline development.
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